Methyl levulinate is a promising building block which can be derived from cellulosic biomass. In this paper, a combination of aluminum compounds and organic sulfonic acids was found to be an efficient catalyst system for direct methyl levulinate synthesis from both microcrystalline cellulose and wood powder.
Introduction
Recently, levulinic acid (LA) has attracted much attention because it has been recognized as a key building block that can be derived from cellulosic biomass.
1,2 Specialty chemicals, such as agricultural chemicals, 3 a methyl methacrylate substitute, 4 and a bisphenol A substitute, 5 as well as commodity chemicals, such as butene, 6 succinic acid, 7 and adipinic acid, 8 can be synthesized from LA.
Many synthesis methods of LA from cellulose have been reported. Conventionally, sulfuric acid is used for this reaction, but a much larger stoichiometric amount of sulfuric acid compared to cellulose is required and the yield of LA is between 60 and 70% based on the glucose units in cellulose.
9
To replace sulfuric acid with more efficient acids that can act even at lower amounts, many kinds of acid catalysts such as metal salts, 10 heteropolyacids, 11 and solid acids 12 have been examined to date. Among the metal salts, CrCl 3 has reported to be the most effective in forming LA from cellulose (yields of 67% aer the reaction at 200 C for 3 h), but it was difficult to reuse it because of the formation of a less reactive chromium oxide.
10b
As for the heteropolyacids, ionic-liquid-substituted heteropolyacids were found to be effective in forming LA in 63% yield via the reaction at 140 C for 12 h. 11b Although the catalyst was shown to be reusable for the hydrolysis of cellulose, its reusability for LA formation remains unclear. Typical solid acids such as Amberlyst and Naon have also shown catalytic activities for the synthesis of LA from cellulose.
12c The LA yield reached over 60% when the reaction was carried out in aqueous g-valerolactone solvent at 160 C; however, large amounts of the catalyst, almost the same weight as cellulose, and a long reaction time of 16 h were required. Therefore, a more efficient and recyclable catalyst system for LA synthesis from cellulose is eagerly anticipated. Cellulose has very unique properties; its crystal structure is strongly bonded with both hydrogen bonds and van der Waals forces.
13 In order to decompose cellulose to glucose, both types of bonds have to be dissociated efficiently. The following two hypotheses can therefore be postulated: (1) the optimum acid for the decomposition of cellulose to glucose is different to that for the transformation of glucose to LA, and (2) because cellulose has a strong affinity to water, the reaction should be carried out in protonic organic solvents.
Based on these hypotheses, we developed an effective catalyst system for the synthesis of methyl levulinate (MeLev) in methanol.
14 This catalyst system consists of two different kinds of acids, a Brønsted and Lewis acid; it has been demonstrated that the former mainly catalyzes the solvolysis of cellulose and the latter the transformation of sugar to MeLev. As a result, the yield of MeLev reached 75% when the reaction was carried out at 180 C for 5 h and when In(OTf) 3 and 2-naphthalenesulfonic acid (2-NSA) were used as the catalyst system. This catalyst system can also be used for the direct synthesis of MeLev from wood biomass; the yield of MeLev was 97% based on the glucose units of cellulose in cedar powder. However, both indium and triuoromethanesulfonic acid are expensive materials and the practical application of this catalyst system has therefore been limited. In this paper, we report an improved catalyst system for the synthesis of MeLev from both cellulosic and wood biomass using inexpensive and easily available aluminum compounds in place of rare metals or triuoromethanesulfonic acid.
Experimental
All reagents were of research grade and used without further purication. Al(acac) 3 , AlBr 3 , and AlCl 3 were purchased from Wako Pure Chemical Industry. Al(OH) 3 , Al 2 (SO 4 ) 3 , AlI 3 , In(OTf) 3 , 1-pyrenesulfonic acid (1-PSA), and microcrystalline cellulose (<20 mm) were purchased from Sigma-Aldrich. Al(OEt) 3 , benzenesulfonic acid (BSA), and 2-naphthalenesulfonic acid (2-NSA) were purchased from Tokyo Chemical Industry. Al(OAc) 3 , ptoluenesulfonic acid (PTSA), glucose, and methanol were purchased from Kishida Chemical. 5-Methoxymethylfurfural (MMF) prepared according to a literature procedure.
15 Wood powders were supplied by Nippon Paper Industries. The content of cellulose, hemicellulose, and lignin in the wood powders were determined using a conventional procedure. 16 These wood powders were cutter-milled and sieved to decrease the particle size in the range of 100 to 425 mm.
In a typical experiment for MeLev synthesis from cellulose, to a 50 mL stainless steel autoclave equipped with a magnetic stirring bar, microcrystalline cellulose (2.5 mmol as glucose units), Al precursor (0.02 mmol), p-toluenesulfonic acid (0.20 mmol), and methanol (20.0 mL) were added and the apparatus was purged with N 2 (0.5 MPa). Then, the apparatus was heated to 180
C and maintained at this temperature for 5 h with stirring. Aer the apparatus was cooled to room temperature and depressurized, the reaction solution was recovered and analyzed by high-performance liquid chromatography (HPLC). HPLC analyses were carried out on a JASCO LC-2000Plus system. The quantitative analysis of sugars was performed with an Aminex HPX-87H column (250 Â 4.0 mm I.D., Bio-Rad Laboratories, Inc.) using a 7.5 mM aqueous solution of sulfuric acid as the mobile phase and 2-methyl tetrahydrofuran as the internal standard. The quantitative analysis of MeLev was performed on a Scherzo SS-C18 column (250 Â 4.0 mm I.D., Imtakt Corp.) using a 20 vol% aqueous solution of methanol containing 10 mM formic acid as the mobile phase and 2-methyl tetrahydrofuran as the internal standard.
Electrospray ionization mass spectrometry (ESI-MS) analysis was carried out on a Waters ZQ-2000 spectrometer. The needle and cone voltage were +4.0 kV and 50 V, respectively. The sample solution was ltered and directly introduced into the apparatus at an infusion rate of 20 mL min À1 .
Results and discussion
Representative results of MeLev syntheses from microcrystalline cellulose are summarized in Table 1 . When only PTSA was used as the acid catalyst, MeLev was obtained in 47% yield, together with MMF in 2% yield, and sugars in 13% yield aer the reaction at 180 C for 5 h (entry 1). The reaction solution was brown in color and contained a small amount of colloidal particles which appeared to be humin. As an aluminum compound, Al(acac) 3 is air and moisture stable, and thus easily handled. When only Al(acac) 3 was used as the catalyst, the reaction barely proceeded and white cellulose powder remained in the reaction solution because its acidity was too weak to solvolyze cellulose (entry 2). However, when Al(acac) 3 was used in combination with PTSA, cellulose was efficiently converted to MeLev in 72% yield (entry 3). As observed in entry 1, the reaction solution contained a small amount of colloidal humin. The yield of MeLev was almost the same as that obtained with our previous catalyst system of In(OTf) 3 and PTSA (entry 14).
As for the effects of Al precursors, other common Al salts such as Al(OH) 3 , Al(OAc) 3 , Al(OEt) 3 , Al 2 (SO 4 ) 3 , AlI 3 , and AlBr 3 gave slightly lower MeLev yields than Al(acac) 3 (entries 3-9), while AlCl 3 signicantly inhibited the solvolysis of cellulose and white cellulose powder remained unreacted (entry 10). This inhibition was specically caused by HCl formed from AlCl 3 and PTSA; when the reaction shown in entry 1 was carried out in the presence of 0.06 mmol of HCl (corresponding to 0.02 mmol of AlCl 3 ) and 0.2 mmol of PTSA, the solvolysis of cellulose was also inhibited and white cellulose ponder was remained. No such inhibition was observed in the cases of other halide salts and their catalytic activity increased in the order AlCl 3 ( AlBr 3 < AlI 3 .
Among the organic sulfonic acids tested, 2-NSA was the most effective; the yield of MeLev reached 74% when 2-NSA was used in combination with Al(OH) 3 (entries 11-13). The catalytic activity decreased in the order 2-NSA > PTSA > BSA > 1-PSA. Because all these sulfonic acids have almost the same acidity, there must be an optimal aromatic ring size for catalysis in this reaction.
The effect of Al/PTSA ratio is shown in Fig. 1 . In the absence of Al salt, MeLev was formed in only moderate yield, while its yield drastically increased with the addition of just a 1/200 molar amount of Al(acac) 3 to PTSA. The maximum yield of MeLev was obtained at Al/PTSA ¼ 1/40. Above this ratio, the yield of MeLev decreased gradually, reaching just 10% when equimolar amounts of Al(acac) 3 and PTSA were used. At this ratio, a signicant amount of cellulose powder was observed to be unreacted, probably because almost amount of PTSA bonded to Al(acac) 3 to form an Al sulfonate compound.
The effect of reaction temperature is shown in Fig. 2 . MeLev formation proceeded even at 160 C, while 16% sugars remained unreacted. The optimum reaction temperature for
MeLev formation lies at around 180 C, above which its yield decreases slightly. The time course of the reaction at 180 C (Fig. 3) shows that only small amounts of sugars and MMF were formed in the initial stage, which means that solvolyzed sugars were readily transformed to MMF and then MeLev. The formation of MeLev is almost complete within 3 h. The catalyst system is recyclable. Aer distillation of the solvent and products, the residue was recovered and used as the catalyst for the next run, in which the same amount of microcrystalline cellulose as the rst run was newly added. As shown in Fig. 4 , although the yield of MeLev decreased slightly, it remained above 60%.
In order to investigate the catalyst species in the reaction, the MeOH solution of Al(acac) 3 and PTSA heat-treated at 180 C under 0.5 MPa N 2 for 2 h was analyzed by ESI-MS (Fig. 5) . The detected species were as follows: 17 Likewise, in the cooperative catalysis of Al compounds and PTSA, Al(OTs) 3 would be in situ formed and act as a Lewis acid. C, 5 h. All the yields were determined by the same method described in Table 1 . Table 1 . C. All the yields were determined by the same method described in Table 1 .
The effect of the Al/PTSA ratio (Fig. 1) shows that the formation of MeLev from cellulose is drastically enhanced by a very small amount of Al species in comparison with PTSA and that the yield of MeLev decreased as the Al/PTSA ratio increased.
These results suggest that the methanolysis of cellulose to sugars is mainly catalyzed by PTSA and that the main role of Al(OTs) 3 lies in enhancing the formation of MeLev from sugars. To conrm this, we compared the reaction of glucose in MeOH using a catalyst system consisting of Al(acac) 3 and PTSA (Al/ PTSA ¼ 1/3) with that using only PTSA (Table 2 ). The results show that the combination of Al(acac) 3 and PTSA showed much higher catalytic activity for MeLev formation from glucose than PTSA alone.
A reaction mechanism can be proposed, as shown in Scheme 1. In the rst step, cellulose is solvolyzed with methanol to produce sugars, catalyzed by the Brønsted acid PTSA. PTSA also reacts with Al precursors to form a Lewis acid, Al(OTs) 3 , which in combination with PTSA catalyze the conversion of sugars to MeLev via MMF. The cooperation of the Brønsted and C, 5 h. The distilled residue was used as the catalyst for the next run without any treatment. All the yields were determined by the same method described in Table 1 . Lewis acids is responsible for the high yield of MeLev obtained from cellulose, as shown in our previous reports.
14 It is well known that water molecules are closely associated with the cellulose matrix.
18 When water is used as the solvent, such close interactions may inhibit the hydrolysis of cellulose with acid. In contrast, although little is known about the interaction of methanol in cellulose matrix, the proton affinity of methanol is much lower than that of water, making solvolysis of cellulose possible with a small amount of Brønsted acid in methanol. Li and Hu reported another effect of methanol; the formation of humin is suppressed due to protection of the aldehyde groups of glucose and hydroxymethylfurfural (HMF) by methanol. 19 The same effect appeared to occur here, which would be responsible for the efficient transformation of cellulose to MeLev.
Finally, we applied the catalyst system to MeLev synthesis from actual wood biomass. The content of cellulose, hemicellulose, and lignin in the wood powders are shown in Table 3 and the results of MeLev synthesis from them are summarized in Table 4 . Both cedar and eucalyptus powder were effectively converted to MeLev with a maximum yield of 80% based on the amount of cellulose in the wood powder with this catalyst system. These results suggest that the lignin component does not so inhibit catalysis. This catalyst system also works under a higher concentration of raw materials; in the presence of 10 wt% cedar powder, MeLev was formed in a maximum yield of 74%. We also examined a scale-up experiment; under a ten times scaled-up condition using 10 wt% cedar powder, MeLev was conrmed to be formed in 72% yield (entry 5, see ESI †).
Conclusions
Based on the two hypotheses described in the Introduction, we developed a practical catalyst system for MeLev synthesis from wood biomass using Al compounds and PTSA; although it is inexpensive and simple, it affords a high yield of MeLev and is recyclable. According to hypothesis (1), the combination of different kinds of acids is effective for this reaction; the solvolysis of cellulose to sugars is catalyzed by Brønsted acidic PTSA and the conversion of sugars to MeLev is signicantly enhanced by Lewis acidic Al(OTs) 3 formed in situ from Al compounds and PTSA. Besides, according to hypothesis (2), MeOH is an efficient solvent for the MeLev synthesis from cellulose and cellulosic biomass. This is because of its lower affinity to cellulose and its function of protecting the highly reactive aldehyde groups of sugars and MMF to prevent undesirable humin formation.
Scheme 1 A plausible reaction mechanism. d Total amount of fructose, glucose, and amethylglycoside.
e Ten times scaled-up condition.
